The identification of unc-104 was but one of many studies that established the existence of a superfamily of kinesin-related genes. Initially, this idea emerged from the sequencing of Saccharomyces cerevisiae, Drosophila melanogaster, and Aspergillus nidulans genes, whose mutant phenotypes suggested defects in mitosis or meiosis and whose sequences revealed the presence of a domain of ‫053ف‬ amino acids that was homologous to the motor domain of conventional kinesin (Stewart et al., 1993 , and references therein; Barton and Goldstein, 1996) . Eventually, consensus sequences were recognized that allowed new members of the kinesin gene family to be cloned on the basis of homology. Now, at least 60 kinesin-related proteins are known, and this list is likely to expand. All have in common a conserved, ‫053ف‬ amino acid motor domain (Figure 1 ) that is necessary and sufficient for ATP-driven movement along microtubules (Stewart et al., 1993) . Outside the motor domain, the primary sequences of kinesin-related proteins diverge but fall into at least seven subfamilies (Hirokawa, 1996) . These variable regions or "tails" are likely either to direct targeting to particular intracellular cargoes or to be involved in the regulation of motor activity. Very little is known about how such targeting or regulation actually works.
Most kinesin-related proteins have been identified in proliferating cells and are involved in meiosis or mitosis (Barton and Goldstein, 1996) . However, beginning in In axons, microtubules are oriented with plus ends toward the nerve 1992 (Aizawa et al., 1992) , the identification of at least terminal. Cargoes are transported in either the anter-or retrograde 10 kinesins expressed primarily in postmitotic neurons direction, depending on whether plus-(red) or minus-end (blue) motors are active on their surfaces. Plus-end motors are members (reviewed by Hirokawa, 1996) has contributed, along of the kinesin family (KIFs), defined by the presence of a conserved with the genetic studies discussed above (Hall and motor domain (beige) , with ATP (green) and putative microtubule Hedgecock, 1991; Gho et al., 1992) , to the current picture (purple) binding sites. nKHC and uKHC are neuronal and ubiquitous that multiple kinesin-related proteins carry out fast axoisoforms of conventional kinesin heavy chain. Until recently, cytonal transport. One of these neuronal kinesins, KIF1A, plasmic dynein was the only known minus-end motor in neurons, is the mammalian homolog of unc104, the C. elegans but now a putative minus-end neuronal kinesin (KIFC2) has been described (Hanlon et al., 1997; Saito et al., 1997) . Note that in denkinesin discussed above, for which there is compelling drites, microtubules are oriented in both directions. Diagram of KIFs genetic evidence for a role in synaptic vesicle transport after Hirokawa (1996). to the nerve terminal (Okada et al., 1995) .
Currently, there is limited definitive information about be expected if conventional kinesin were the universal the cargoes for the different neuronal kinesins. KIF1A anterograde axonal transport motor. Although alterand KIF1B are perhaps the best defined. KIF1B interacts ations in action potential propagation were observed, with mitochondria (Nangaku et al., 1994) . KIF1A interacts their significance and indeed the function of convenspecifically with a class of membrane vesicles that, tional kinesin remain controversial. On the other hand, based on their protein composition, are likely to be in the in C. elegans, a kinesin-related protein, unc-104, was pathway for synaptic vesicle biogenesis (Okada et al., discovered to have the mutant phenotype expected of 1995). It appears that the compartments associated with a transporter of synaptic vesicles: there was an unmis-KIF1A and KIF1B do not associate with other kinesintakable accumulation of small clear vesicles in neuronal related proteins; and conversely, immunoprecipitations cell bodies and an equally clear depletion of synaptic of membrane vesicles with antibodies against the other vesicles from nerve terminals (Hall and Hedgecock, neuronal kinesins do not coprecipitate KIF1A or KIF1B 1991). It is not the case that unc-104 is the C. elegans (reviewed by Hirokawa, 1996) . Thus, we are led, albeit conventional kinesin heavy chain, because apart from tentatively, to the idea that the different neuronal kinesthe kinesin-like motor domain, the unc-104 sequence is ins promote the transport of specific classes of memcompletely different. Furthermore, the bona fide homobrane compartments. The raison d'ê tre for an army of log of conventional kinesin heavy chain is present at a kinesins, each targeted to a specific organelle populadistinct locus of the C. elegans genome. It was thus tion, as opposed to a single universal anterograde transestablished that conventional kinesin is not the universal porter, is presumably to allow the trafficking of the differanterograde transport motor. It is also apparent that the ent compartments to be regulated independently. initial discovery of conventional kinesin was a fortuitous Spatial and temporal regulation of motor activation and consequence of its uncommonly strong tendency to addeactivation for specific compartments would provide sorb to inert substrates and promote their movement a means to control the delivery process (Figure 1 ). In this respect, it would seem that the population of along microtubules in vitro.
kinesin-related proteins expressed in neurons imple-(1997) performed immunocytochemical studies on sciatic nerve to show that KIFC2 is present in axons. They ment the sorting and trafficking of membrane compartments (Coy and Howard, 1994) . also reported that KIFC2 builds up both proximal and distal to a nerve ligation, suggesting that KIFC2 is transRetrograde Transport: a Role for Minus-End Kinesins?
ported in association with antero-and retrograde organelles moving at the rate of "fast" axonal transport (HanThe diverse population of kinesin motors for anterograde axonal transport has stood in stark contrast to lon et al. , 1997) . This accumulation pattern resembles that of dynein (Hirokawa et al., 1990) , the idea being retrograde transport, which has been attributed to a single minus-end motor, cytoplasmic dynein (Holzbaur that the anterogradely moving KIFC2 is either inactive or masked (Muresan et al., 1996) until it arrives at the and Vallee, 1994). Studies of reconstituted vesicle transport (Muresan et al., 1996) suggest that this difference nerve terminal where it will function as a retrograde axonal transport motor. It is now important to determine could be key to the strategy by which intracellular trafficking is regulated. Antero-and retrograde (i.e., plus whether this motor carries cargoes distinct from those carried by cytoplasmic dynein in the axon. and minus end-directed) vesicle populations were isolated from squid axoplasm with the surprising result that While Saito et al. (1997) confirm that KIFC2 is present in axons, their conclusions are quite different. They show both populations appeared to carry active cytoplasmic dynein. Under normal conditions, the anterograde vesirigorously that KIFC2 is found primarily in dendrites and has at best only a very minor presence in axons. Quanticles move strictly in the plus-end direction because tightly bound, plus-end kinesin motors override the actative Western blotting and immunofluorescence studies demonstrate that the level of endogenous KIFC2 in tive dynein motors. The explanation for how kinesin could take over the movement of vesicles carrying both dendrites is Ͼ100-fold higher than in axons. The conclusion that KIFC2 is primarily confined to dendrites is kinesin and dynein appears to reside in the distinct mechanical properties of these two motors. Kinesin is probuttressed by studies of the expression of recombinant myc-tagged KIFC2 in cultured hippocampal neurons, cessive and tracks along single protofilaments (Howard, 1995) , while dynein wanders over the surface of microtuwhere, again, only dendritic labeling was observed. These findings suggest that KIFC2 accounts for only a bules, suggesting it is not as processive (Wang et al., 1995) . These findings imply that the direction of transminor fraction of retrograde axonal traffic, compared with cytoplasmic dynein. The findings of Saito et al. port could be regulated via the presence or absence of a tightly bound kinesin motor on the vesicle. In this (1997) embellish rather than contradict those of Hanlon et al. (1997) , who did not look at labeling in dendrites. respect, dynein-driven, minus end-directed transport might be considered a constitutive condition.
Although more work is obviously needed to resolve the matter, it seems likely at this point that the original idea Two recently published articles (Hanlon et al., 1997; Saito et al., 1997) now indicate that cytoplasmic dynein that cytoplasmic dynein is the primary retrograde axonal transport motor may emerge unscathed. However, the might not be the sole minus-end vesicle motor in neurons. These two papers report the identification of a door is open to the possibility that other C-terminal motors will ultimately question this idea in the future. new neuronal kinesin, KIFC2. This kinesin stands out because its motor domain is located at the C-terminus, If KIFC2 is primarily a dendritic motor, what might be its role in intracellular transport? As discussed earlier, not the N-terminus, as is the case for most known kinesins. KIFC2 shares a consensus sequence in the "neck" dendritic transport is not as straightforward to understand as axonal transport because dendrites contain region of the motor domain that is found exclusively within a small family of other kinesin-related proteins microtubules oriented in both directions (Figure 1 ). It is unclear, then, from the polarity of any motor, whether that have C-terminal motor domains. The salient feature of these C-terminal kinesins is that they walk toward it would facilitate transport in the antero-or retrograde direction with respect to the cell body. This would dethe minus ends of microtubules, not toward the plus ends like conventional kinesin and the majority of its pend on the orientation of the microtubules with which the motor associates. Do dendritic motors shuttle carrelatives (Barton and Goldstein, 1996) . While the other known C-terminal kinesin-related proteins are involved goes back and forth, or do they transport in one direction by interacting selectively with microtubules of the corin mitosis or meiosis, KIFC2 is the first that is known to be expressed in differentiated neurons.
rect orientation? If so, there must be as yet unknown mechanisms for selection of particular microtubule popIt should be understood that neither group could obtain KIFC2 in a form that was active for in vitro motility ulations.
Regardless of whether KIFC2 transports in the retroassays; hence, a priority for the future will be to prove that KIFC2 is functionally a minus end-directed motor, or anterograde direction, or both, an important question concerns the nature of its cargo. Here, Saito et al. (1997) as its sequence and intracellular localization suggest (Hanlon et al., 1997; Saito et al., 1997) . Meanwhile, it is have provided an elegant analysis to indicate that KIFC2 associates with a novel class of multivesicular-body orworth considering the implications of the suggestion that the task of delivering cargoes to the minus ends of ganelles. Because these do not appear to contain any of the usual markers for endosomal vesicles, they may microtubules, formerly the sole dominion of cytoplasmic dynein, is now shared with KIFC2. Resolution of how represent a new membrane trafficking pathway that is an obvious subject for future research. Can it be a coincithese two modes of transport are utilized will provide important insights into the overall logic of intracellular dence that in a recent electron microscope study of axodendritic transfer of neurotrophins, NT-3 appeared trafficking in neurons.
The most obvious question is whether KIFC2 is inwithin dendritic multivesicular bodies (Vonbartheld et al., 1996) at the site of transneuronal transfer? volved in retrograde axonal transport. Hanlon et al.
Interestingly, in addition to its tight association with membranes, KIFC2 is found in a dense fraction that is rich in microtubules (Saito et al., 1997) . In addition, KIFC2 has the peculiar property of binding avidly to microtubules, even in the presence of ATP (Hanlon et al., 1997; Saito et al., 1997) , suggesting that it could contain a nucleotide-independent binding site for microtubules. This raises the possibility that KIFC2 might also function as a motor for delivering microtubules into dendrites from their sites of polymerization at the centrosome in the cell body (Sharp et al., 1995) .
Concluding Remarks
The idea that multiple kinesin motors operate in neurons is now firmly grounded, and it is just a matter of time before the entire population of neuronal motors will be exposed. Still, we are a long way from understanding how these fascinating molecules contribute to the organization of organelle traffic in neurons. Immediate goals are to define the cargoes carried by particular motors and to elucidate the nature of the organelle-motor interaction.
